ABSTRACT Single-beacon navigation for group autonomous underwater vehicles (AUVs) suffers from long navigation period and asynchronization. This paper addresses the problem by introducing the singleinput-multiple-output (SIMO) model, where, a single AUV transmits the signal and other AUVs receive the signal. Utilizing the time-delay of signals from the beacon and the sender, the navigation for all AUVs is achieved simultaneously, and the navigation period is dramatically decreased. Moreover, based on the new SIMO model, a tracking method utilizing extended Kalman filter is also put forward to increase the navigation precision and reduce the computational burden. Finally, a coordinate fusion algorithm based on the location, error, and time-delay is presented, which fuses the independent AUV coordinates to be a higher precision holistic coordinate system for group AUVs. Simulation results show the effectiveness of the proposed method.
I. INTRODUCTION
Navigation is a key technique for autonomous underwater vehicle (AUV) and other underwater equipment [1] , [2] . Most of the underwater explorations including environmental monitoring, disaster prevention, mine reconnaissance, and even military reconnaissance rely on a high-precision position of the AUV [3] , [4] . Therefore, achievements on AUV navigation have been gained in the recent decades, and their works can be divided into two categories.
For the first category, several beacons or surface buoys are set to measure the distances between the AUV and beacons, then the AUV's position can be solved using the distance information [5] - [10] . Among these methods, Zhao et al. [5] and Caiti et al. [6] consider the movement of the beacons during navigation. Moreno-Salinas et al. [7] and Liu et al. [8] address the problem of optimal beacon placement and time synchronization, respectively. These methods achieve a high navigation precision and work without the aids of other onboard equipment. However, since the navigation depends on several beacons, these methods are restricted by large constructive expending and small effective coverage.
For the second category, single beacon is utilized for AUV's navigation [11] - [16] . These methods need the knowledge of the AUV's inertial navigation system (INS) and depend on several samples obtained in different signal intervals. For example, Tan et al. [11] discuss the optimal moving path to decrease the navigation error; Maki et al. [12] propose a valid method based on mutual acoustical positioning; Gatsenko et al. [13] and Wang et al. [14] give the real experiment results.
Besides the distance measurement, other approaches are used to achieve the navigation. Kelner et al. [17] propose a ship navigation method utilizing the Doppler effect of the signals transmitted from the costal radio beacons. Xu et al. [18] address the navigation via synthetic aperture sonar (SAS) and obtain a much higher navigation precision compared with traditional ultra-short baseline (USBL) navigation system. Bosch et al. [19] present a AUV tracking system utilizing light as the medium. The system suffers from a short effective distance.
Inspired by the aforementioned works, we propose a novel navigation method for group AUVs in this paper. Other than the single-input-single-output (SISO) model used by the above methods, we introduce single-input-multipleoutput (SIMO) model. Therefore, simultaneous navigation for all AUVs can be achieved in two signal periods, and the navigating period is dramatically decreased. Based on the SIMO model, the precision analysis and the tracking method are also presented. The precision analysis tests the robustness against multiple errors and is useful for planning the navigation trajectory. The tracking method based on the extended Kalman filter (EKF) achieves a higher navigation precision and a lower computational burden. Finally, the coordinate fusion algorithm based on the location, error, and time-delay (LED) is presented, which further decreases the navigation error for group AUVs.
In this work, the method is still in theoretical stage, and some simplifications are used. For example, the sound channel is simplified as a homogeneous channel with equal sound speeds and straight sound rays. The time-synchronization error is ignored, and the AUVs are supposed to under the stop-go motion. The method is verified by the simulation results. Our former work will focus on realizing the method and testing the method using real data. This paper is organized as follows. The navigation method based on SIMO model is proposed in Section II. Precision analysis is conducted in Section III. The tracking method utilizing EKF and coordinate fusion based on LED are presented in Section IV and Section V, respectively. Section VI shows the simulation results, and Section VII concludes our works.
II. SINGLE-BEACON NAVIGATION METHOD FOR GROUP AUVs

A. GEOMETRICAL CONFIGURATION
A typical navigation system for group AUVs is shown in Fig. 1 , where, B is the beacon, and A i (i = 0, 1, . . . , M ) are the AUVs. The beacon is equipped with global positioning system (GPS) and pressure sensor. The AUVs are equipped with inertial navigation system (INS) and pressure sensor. The GPS and the INS can provide the vehicle's global coordinate, and the pressure sensor can estimate the vehicle's depth. Since the INS has a large accumulative error, it is necessary to implement a beacon based navigation after a long time. Here, we establish the global Cartesian coordinate system as follows. X-axis, Y-axis and, Z-axis indicate the east direction, the north direction, and the up direction, respectively.
B. CONVENTIONAL METHOD BASED ON SISO MODEL
For conventional methods, each AUV and the beacon consist an independent navigation system. The AUV transmits hydroacoustic signals to the beacon. The beacon answers the call, and sends response signals to the AUV. Then, according to [11] , the AUV's coordinate can be solved using the timedelay of the signals as
where, d i,n is the time-delay of the nth signal transmitted from the beacon to the ith AUV. c is the sound speed. For convenience, the sound speeds are supposed to be the same for different AUVs and different intervals in (1) . It is worth noticing that the method can be extend to the situation with different sound speeds, and inhomogeneous sound channels, [20] provides an efficient approach to calculate the equivalent sound speed. 
where, x i,n and y i,n is the relative coordinate, and can be calculated from AUV's INS ( [21] - [23] ). Using time-delays from two signal intervals, and substitute (2) into (1), [x i,n , y i,n ] is solved, and the navigation is achieved. Hence, the navigation period for single AUV is 2t s , where, t s is the signal interval. Considering the beacon can answer only one call in each signal period to avoid aliasing, the navigation period for the whole system should be 2Mt s , where M is the number of the AUVs. Compared with the period for single AUV, it can be seen that the conventional group AUVs' navigation system suffers from a much longer navigating period. Besides, the navigation times for each AUV are not the same, which will lead to a big problem in the following coordinate fusion process.
C. NEW METHOD BASED ON MISO MODEL
To avoid the aforementioned disadvantages, we propose a novel single-beacon navigation method for group AUVs based on SIMO model in this sub-section. As shown in Fig. 1 , the SIMO model means that only single AUV transmits the signal in the navigation system, and the other multiple AUVs receive the signal. Without losing the generalization, we suppose A 0 as the AUV send the signal. Then, each other AUV A i (i = 1, 2, . . . , N ) can receive two signals as where, d bi,n is the time-delay of the signal passed by the beacon B, d mi,n is the time-delay of the signal directly from A 0 . It can be seen from (3) and (4), that the equations contains four unknowns (x i,n , y i,n , x 0,n , and y 0,n ). Therefore, timedelays from two signals are required to solve the coordinates. Compared with the conventional method based on SISO model, new method based on SIMO model has the following advantages:
1) The navigation precision is increased.
2) All AUVs can be navigated in two signal intervals (2t s ). The navigating period is dramatically decreased.
3) All AUVs can be navigated at the same time. Therefore, it is possible to do the coordinate fusion, which can fuse all the independently measured AUVs' coordinates to consist a holistic coordinate system.
4) The new method releases from fuzzy solution, which is a serious problem in the conventional SISO model.
5) The receivers keep silence during the navigation, which enhances the concealment of the AUVs.
III. PRECISION ANALYSIS
In this section, we put forward precision analysis to evaluate the proposed navigation method, and horizontal dilution of precision (HDOP) is introduced as the criterion. The definition of HDOP is given as
where, g xi and g yi are the X coordinate error and Y coordinate error for AUV A i , respectively. For the scene discussed in this paper, the errors may come from five aspects, which are: 1) error of the measured timedelay, 2) error of the INS coordinate, 3) error of the beacon's coordinate, 4) error of the measured sound velocity, 5) error of the measured depth. The statistical property between these errors and the HDOP can be described as
where, (*) T means the transpose of the matrix.
and D H are the covariance matrixes for AUV's coordinate, the measured time-delay, the INS, the beacon's coordinate, the sound speed, and the depth, respectively, and
M B , M C , and M H are the corresponding partial differential matrixes. Detailed derivation of (6) is given in Appendix A, together with the expression of the matrixes.
From (6), it can be seen that the precision of the navigation method based on SIMO is influenced not only by the error parameters
. That is to say, the output navigation error is decided by the input error parameters (such as the time-delay error, the INS error, the beacon's coordinate error, the sound speed error, the depth error) and the scene parameters (such as the geometrical configuration, the motional differentiation of the AUVs, the length of the virtual baseline). Firstly, we use the following cases to show the influence of the scene parameters.
Case 1):
The sender A 0 has the same velocity with the receivers (
In this case, (4) for different signal intervals is same, and the navigation becomes a singular parabolic problem. In view of precision analysis, since the partial differential matrix for AUV's coordinate (M i ) is noninvertible, the calculated covariance matrix of AUV's coordinate (D i ) is infinite. Therefore, the coordinates of the AUVs cannot be solved. Case 1 indicates that to achieve the navigation for group AUVs, the sender and the receiver mush have different velocities.
Case 2): The sender A 0 and the receivers
In case 2, there are two AUVs (one is the sender and the other is the receiver), and the parameters are listed in Table. 1. Trajectory of the AUV is shown in Fig. 2(a) , and the corresponding precision is shown in Fig. 2(b) . Case 2 shows that the SIMO model achieves the navigation for group AUVs, and obtains a navigation precision better than 6 m in the given parametric environment.
Case 3):
The sender A 0 and the receivers A i (i = 1, 2, .., M ) have different velocities with a larger heading difference.
In this case, scene parameters are the same with case 2 (Table 1 ) except the AUVs' heading. The heading of A 0 and A 1 are −15 degrees and 15 degrees respectively. Trajectories of the AUVs are shown in Fig. 3(a) , and the corresponding precision is shown in Fig. 3(b) , from which, the navigation precision is better than 5 m. Case 3 indicates that the navigation precision increases with a larger difference between AUVs' velocities. The scene parameters are the same with case 2 (Table 1 ) except the length of the virtual baseline. In this case, the virtual baseline length is 320 m. Trajectories of the AUVs are the same with Fig. 3(a) , and the navigation precision is shown in Fig. 4 . Compared with Case 2, the navigation precision is improved to about 4 m, which indicates that the navigation precision increases with a larger virtual baseline length. Combining Case 2-4, it also shows that the navigation method has a better precision when the AUVs are near the beacon.
Next, we will exam the method's robustness against the input errors including the time-delay error, the INS error, the beacon's coordinate error, the sound speed error, and the depth error. The results are shown in Fig. 5 . From Fig. 5 , the navigation method based on SIMO has a good robustness against the INS error, a moderate robustness against the sound speed error and the beacon's coordinate error, and a poor robustness against the time-delay error and the depth error. Overall, the navigation method based on SIMO model for group AUVs has the following characters:
1) The navigation precision increases with a greater difference between the AUVs' velocity. Specifically, when the AUVs' velocities are the same, the navigation error becomes infinity.
2) The navigation precision is sensitive with the AUV's location. Usually, a near distance between the AUVs and the beacon results a higher navigation precision.
3) The navigation precision is sensitive with the length of the virtual baseline length, and a longer virtual baseline results a higher navigation precision. 4) As predicted, the navigation error grows with the factor's error. The growth degrees are not the same for different factors. The method has a high robustness against the INS error, a moderate robustness against the sound speed error and the beacon's coordinate error, but a poor robustness against the time-delay error and the depth error.
Above precision analysis can be used in planning the best trajectory for navigation, and guide the design of a VOLUME 6, 2018 real navigation system. Generally speaking, a high navigation precision (better than 5 m) requires a great difference between AUV's velocities (heading difference larger than 30 degree or equivalent velocity difference), a suitable distance from the beacon (lower than 1000 m), and an appropriate virtual baseline (longer than 200 m). The navigation system needs a high precision time-delay estimation algorithm (1 ms) and a high precision pressure sensor (1.5 m), but does not need to pay much cost on increasing the estimation precision of the INS (2.5%), the beacon's coordinate (2.5 m), and the sound speed (3 m/s).
IV. TRACKING METHOD UTILIZING EKF
The proposed single-beacon navigation method based on SIMO model can achieve short time and a large number of navigation for group AUVs. The method is proved to have a high precision for two time-delay samples. However, for a long time navigation, a large number of time-delay samples can be obtained. Under such circumstance, a tracking method based on the SIMO model is proposed in this section. By utilizing EKF ( [24] , [25] ), the proposed tracking method can achieve a lower computing burden and a better precision compared with the proposed navigation method.
EKF is a non-linear filter proposed in 1970s, and has been widely used in recent years. The basic principle for EKF is utilizing the system observation to amend the system state. Hence, after a long time observing, the error of the system state can infinitely approach the Cramer-Rao bound. The structure of EKF is shown in Fig. 6 , where, X n is the state vector, Z n is the observation vector, K n is the gain matrix, f is the state transition function, and h is the observation function.
Here, we establish the EKF model for group AUVs' navigation method based on SIMO. The state vector, the observation vector, the state transition function, and the observation function are as follows, (7)- (10) 0, 1, . . . , M ) is the pitch angle of the AUV.
The observability is a significant precondition for a designed observation system. Therefore, the observability analysis is presented based on the Lie derivative ( [26] , [27] ). Including 0th and 1th order Lie derivative, the observability matrix is given as
where, f 1 =
, and
. Detailed expression of O' is given in Appendix B.
From (11), it can be seen that: rank(O ) = 3, unless v 0 = v i = 0. As an example, consider the special case, in which, trajectories for the sender and the receiver are the same. Even under such extremely disadvantageous circumstance, we have ∇L 1 It is worth noticing that EKF is one of the most efficient and widely used tracking algorithms. It is clearly possible to use more sophisticated non-linear filters, such as the cubature Kalman filter [28] or the particle filter [29] . These techniques may lead to some precision improvement, but the computational burdens are also increased, and this analysis is beyond the scope of this paper. 
V. COORDINATE FUSION BASED ON LED
After navigation or tracking, AUVs' coordinate for the last sample is obtained as X i,N (i = 1, 2, . . . , N ). However, since the receivers are independent from each other, and the navigation precisions for each receiver are not the same, it is necessary to fuse the coordinates and form a holistic coordinate system. Therefore, a coordinate fusion method based on LED (location, error, and time-delay) is proposed in this section. Utilizing the measured locations, calculated errors, and the time-delays of the signal between the AUV's, the proposed method can achieve the coordinate fusion with lower navigation errors. Considering the receives are silent with each other during the navigation, a hydroacoustic data exchange should be implemented to report their own locations after navigation. Through the exchange signal, the signal's time-delay, which indicates the distance between AUVs, can be measured. For example, if A 0 is interested with other AUVs' coordinates, A i (i = 1, 2, . . . , N ) should report their measured coordinates to A 0 (by modulating the coordinates in the frequency of the transmitted signal). Generally speaking, not all AUVs need to be aware of each other AUVs' positions. However, at least one AUV should know the coordinate of the other AUVs to monitor the situation of the AUVs group. Hence, the minimized time interval for information exchange between AUVs is t s . Appling the precision analysis in Section III, prior information (HDOP from (6)) about the coordinate errors can also be calculated. Based on the above information (measured coordinate, time-delays of the signals, prior information about the coordinate errors), the coordinate fusion method based on LED is given in Fig. 7 (suppose M = 3) , where, x is the state vector, Z is the observation vector, h is the observation function, g is the update function. d i1,i2 means the time-delay between A i1 and A i2 (for example, d 0,1 is the time-delay between A 0 and A 1 ).
Detailed procedures are as follows:
Step 1: The initial value of the state vector is set to be the measured coordinates. N , y 0,N , x 1,N , y 1,N , x 2,N , y 2,N , x 3,N , y 3,N ] 
T (12)
Step 2: Predict the observation vector through observation function. Step 3: Calculate the distance between predicted observation and real observation.
Step 4: Update the state vector through update function. where, D = diag(σ 2
) is the covariance matrix of AUV's coordinate calculated from (6), R = diag(σ 2
) is the covariance matrix of the measured time-delay, H k = ∂h ∂X | X k is the partial differential matrix for AUV's coordinate.
Step 5: Loop step 2 to step 4, until the difference between two adjacent loops is lower than a threshold, and the coordinates after fusion equal to the X k in the final loop.
Overall, flow chart for the proposed single beacon navigation method for group AUVs based on SIMO model is as shown in Fig. 8 . Table 2 .
VI. SIMULATION RESULTS
In Table 2 , the simulation coordinate error coincides with the theoretically coordinate error, and it proves the correctness of the precision analysis in Section III. Table 2 also indicates that the conventional method based on SISO model suffers from fuzzy solution. Fig. 9 investigates the reason for the fuzzy solution. Here we consider a stationary AUV and a moving beacon (B to B'). The solution A i should satisfy (1), and subsequently locates at the intersection of the two circles. Since there are two intersections, the solution may converge to a wrong coordinate A i , if the initialized coordinate is improperly selected. However, for the SIMO model, there is no such fuzzy solution simultaneously satisfying equations (3)-(4). Therefore, the SIMO model releases from fuzzy solution, and the real solution percentage can reach 100%.
B. SIMULATION 2
This simulation is presented to show the whole procedure of the proposed SIMO model, and compare its performance with the conventional SISO model. Four AUVs' trajectories are synthetic as follows. Speeds of the AUVs are 2 m/s. Headings of the sender (A 0 ) and the receivers (A 1 , A 2 , and A 3 ) are -5 degrees and 5 degrees, respectively. Signal interval is 4 s and the virtual baseline is 320 m. The whole navigation duration is 400 s. Sound speed and the errors are shown as Table 1 .
Appling the tracking method based on conventional SISO model, the navigation method based on SIMO model, and the tracking method based on SIMO model, the results are shown in Fig. 10 . Fig. 10(a), Fig. 10(c) , and Fig. 10(e) show the navigation or tracking trajectories, where, the solid lines show the real position of the target, and the dot line show the estimated results. Fig. 10(b), Fig. 10(d) , and Fig. 10(f) show the corresponding errors. After tracking, coordinate fusion based on LED is put forward, and the final result is shown in Fig. 11 . Table 3 lists the performance of these methods.
From the figures and the table, it can be seen that: 1) Compared with the conventional method based on SISO model, the new method based on SIMO model has shorter periods, and higher precisions. Especially for the tracking method, since the period is dramatically reduced, more observations are obtained in the same time, and it is faster for the tracking error to converge to the Cramer-Rao lower bound. 2) Compared with navigation method based on SIMO model, the tracking method utilizing EKF decreases the computational burden and the HDOP. However, the tracking method needs a convergent period (about 100 s in simulation 2. Hence, it is suitable for a long time observation.
3) After coordinate fusion based on LED, the independent coordinates for each AUV become a holistic coordinate system, and the total coordinate error is further decreased.
C. SIMULATION 3
This simulation is presented based on a more complicated environment, which is closer to the real situation. The timesynchronization error is considered, and we set it as 1 ms. The AUVs are with different velocities, their headings are 0 degrees, 5 degrees, 10 degrees, and 15 degrees respectively. The beacon moves with the sea flow with a speed of 0.3 m/s. Other parameters are the same with simulation 2.
The results are given in Figs. 12-13 and Table 4 . Fig. 12 shows the result and precision for the tracking method based on SISO model, the navigation method based on MISO model, and the tracking method utilizing EKF. Fig. 13 shows the coordinate fusion result. Table 4 shows the comparison of the performance.
Due to the time-synchronization error, navigation or tracking precision are dramatically decreased. Especially for the conventional method based on SISO model, the average tracking error is about 20 m. For the proposed SIMO model, the coordinate error for navigation and tracking are about 12 m and 6 m, respectively, which indicates that the proposed SIMO model has a better robustness against the time-synchronization error compared with the conventional SISO model.
These simulation results coincide with the theoretical analysis, and prove the effectiveness of the proposed methods.
VII. CONCLUSION AND FUTURE WORK
In this paper, a novel navigation method for group AUVs based on SIMO model is proposed. Using the time-delay of the signal forwarded by the beacon and the time-delay of the signal directly from the sender, the method can achieve simultaneous and high precision navigation for all receivers. Precision analysis indicates that higher navigation precision can be obtained with a great difference between AUV's velocities, a suitable distance from the beacon, an appropriate virtual baseline and a high precision time-delay and depth estimation algorithm. Based on the SIMO model, we also propose a tracking method utilizing EKF, which has a smaller computing time and a higher precision, but needs a long observing time compared with the navigation method. Finally, a coordinate fusion method based on LED is proposed. The method combines the independent coordinates to a holistic coordinate system, and the coordinate error is reduced. Simulation results correspond with the theoretically analysis, and show the effectiveness of the proposed method.
APPENDIX A DERIVATION OF (6)
Calculating the partial differential equation for (3)-(4), we have:
where, M i , M T , M INS , M B , M C , and M H are the partial differential matrixes. We have 
where, 
